Sickle cell disease (SCD) is an inherited haemoglobin (Hb) disorder and the most common monogenic disease in the world. The root cause of this pathology is the synthesis of an abnormal Hb (HbS) that polymerizes in deoxygenated conditions, leading to the sickling of red blood cells.
SICKLE CELL DISEASE
Sickle cell disease (SCD) is an inherited haemoglobin (Hb) disorder and the most common monogenic disease in the world (Piel, Steinberg, & Rees, 2017) . This pathology is characterized by the production of an abnormal haemoglobin (HbS) that polymerizes in its deoxygenated form, eventually leading to the sickling of red blood cells (RBCs; Vekilov, 2007) . This pathology is related to two major complications: painful vaso-occlusive crises (VOC; Habibi, Bachir, & Godeau, 2004) and haemolytic anaemia (Rees, Williams, & Gladwin, 2010) .
Given that the metabolic changes associated with exercise could favour the occurrence of VOC, physical activity is generally not recommended for SCD patients (Al-Rimawi & Jallad, 2008; Martin et al., 2018) . Among these metabolic changes, blood acidosis has been identified in several in vitro and in vivo studies as a strong potential triggering factor for RBC sickling (Greenberg & Kass, 1958; Greenberg, Kass, & Castle, 1957; Lange, Minnich, & Moore, 1951) .
Given that muscle exercise is tightly linked to intra-and extracellular acidosis resulting from the non-oxidative glycolytic processes of energy production (Bangsbo et al., 1992; Bangsbo, Johansen, Graham, & Saltin, 1993; Brooks, 2018; Ferguson et al., 2018; Hermansen & c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Juel, 2008; Marcinek, Kushmerick, & Conley, 2010; Sahlin, 1978; Sahlin, Alvestrand, Brandt, & Hultman, 1978; Sahlin, Harris, Nylind, & Hultman, 1976) , one can wonder whether physical activity could be deleterious for SCD patients. To prevent the occurrence of any associated risks, extending our knowledge about the potential deleterious effects of muscle exercise in SCD patients is of great interest, particularly given that rehabilitation based on physical activity is increasingly considered as a potential therapeutic strategy in this pathology (Liem, Akinosun, Muntz, & Thompson, 2017; Martin et al., 2018) . In addition, in a recent study, an acid-base imbalance has been reported in exercising SCD mice, suggesting that the metabolic acidosis related to exercise could be exacerbated in SCD . On that basis, it is of great interest to delineate clearly the potential involvement of exerciseinduced acidosis in SCD complications so that training interventions, sports practice and even daily life could be better supervised in these patients.
The purpose of this short review is to provide a brief summary of the pathophysiology of VOC in SCD and to discuss the potential involvement of acidosis in the commonly reported complications in SCD in order to delineate clearly whether exercise-induced acidosis Experimental Physiology. 2018;103:1213-1220.
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New Findings
• What is the topic of this review?
The aim of this review is to discuss the potential involvement of exercise-induced acidosis in the commonly reported complications in sickle cell disease.
• What advances does it highlight?
Blood acidosis appears clearly to be a risk factor for HbS polymerization, red blood cell sickling and the occurrence of vaso-occlusive crisis and could induce hyperkalaemiarelated complications. It could be of great interest to try to avoid blood acidosis during exercise, which could be done using some alkalinizing solutions or adapted endurance training interventions.
could be harmful in this context. On that basis, we discuss the potential therapeutic interventions aiming to reduce the metabolic acidosis related to exercise.
PATHOPHYSIOLOGY OF VASO-OCCLUSIVE CRISES IN SICKLE CELL DISEASE

Polymerization of haemoglobin S
Sickle cell disease is a multisystem disorder caused by a single mutation (Piel et al., 2017) . The substitution of a glutamic acid moiety by a valine in position 6 of the gene encoding the -globin chain of Hb leads to the production of an abnormal Hb (HbS). The main characteristic of HbS is its tendency to polymerize in deoxygenated conditions which is attributable to the fact that the glutamic acid hydrophilic residue is replaced by the valine hydrophobic residue. The presence of a hydrophobic site creates a point of contact between two nearby Hb molecules and leads to HbS polymerization (Vekilov, 2007) . One of the major characteristics of the phenomenon of HbS polymerization was introduced in 1974 with the notion of delay time, i.e. the latency time required for HbS to polymerize (Hofrichter, Ross, & Eaton, 1974) .
Indeed, it has been shown in solutions but also in RBCs that there is a delay between the application of the conditions necessary for polymerization (such as deoxygenation or temperature increase) and the initiation of the process of HbS polymerization (Ferrone, 2015; Hofrichter et al., 1974) . 
The sickling of RBCs
Vaso-occlusive crises
The capacity of RBCs to deform is of utmost importance given that their diameter (∼8 m) may be larger than the lumen of the microvessels in which they circulate (∼6-8 m). Sickled RBCs are more rigid and less deformable; therefore, they tend to remain trapped in the capillaries, thereby reducing or eventually interrupting the blood supply to organs. The resulting tissue hypoxia (Nahavandi et al., 2002) can potentially lead to very painful vaso-occlusive crises (VOC), considered as the most frequent and severe clinical manifestations of the disease (Alexy et al., 2010) . Vaso-occlusive crises are particularly deleterious because the resulting ischaemia can compromise organ function (Piel et al., 2017) .
ACIDOSIS AS A TRIGGERING FACTOR OF VASO-OCCLUSIVE CRISES IN SICKLE CELL DISEASE
Acidosis and haemoglobin S polymerization
Using an empirical model based on the solubility of Hb in vivo, it has been suggested that a decrease in RBC intracellular pH of ∼0.03 pH units could halve the delay time (Hofrichter et al., 1974) , thereby promoting HbS polymerization. Accordingly, several in vitro studies have confirmed that the decrease in pH is concomitant with an increased HbS polymerization (Bookchin, Balazs, & Landau, 1976; Briehl & Ewert, 1973; Magdoff-Fairchild, Poillon, Li, & Bertles, 1976; Ueda & Bookchin, 1984) .
This phenomenon is likely to result from the Bohr effect illustrating that pH can modulate the oxyhaemoglobin dissociation profile and shift the corresponding curve to the right (Schmidt-Nielsen, 1997).
In other words, for a given oxygen pressure, acidosis results in a reduction in oxygen saturation. If, in a physiological context, this may appear beneficial in some tissues by promoting the distribution of oxygen (such as in skeletal muscle during exercise), this may constitute a risk factor in pathological conditions, particularly in SCD. Indeed, by favouring the distribution of oxygen by RBCs, acidosis would increase the time during which the Hb is in a deoxygenated state. If this time is longer than the delay time, HbS polymerization can be accelerated. This effect is even more marked given that, for a given oxygen pressure, SCD blood already has a lower affinity for oxygen compared with normal blood (Becklake, Griffiths, McGregor, Goldman, & Schreve, 1955; Berger & King, 1980) . Indeed, the P 50 (the oxygen partial pressure at which haemoglobin is half saturated) is higher in SCD patients compared with control subjects (Young et al., 2000) .
If the Bohr effect represents a phenomenon favouring HbS polymerization, other contributory factors have been described. It has been shown that the decrease in pH is directly associated with the stimulation of HbS polymerization independently of the classic Bohr effect (Briehl & Ewert, 1973) . In their study, Briehl & Ewert (1973) verified the complete absence of oxyhaemoglobin in their preparation to eliminate the role of the Bohr effect in these processes.
Consistent with this first observation, Ueda, Nagel, and Bookchin (1979) demonstrated that the Bohr effect was more pronounced in SCD patients than in healthy subjects, suggesting that HbS is more affected by acidosis and therefore mechanisms other than the Bohr effect would be involved in these processes. Interestingly, they observed that this exacerbated Bohr effect was mainly marked for physiological blood pH (between 7.4 and 7.2), where the Bohr coefficient (ΔlogP 50 /ΔpH) was −0.919 and −0.461 for SCD blood and normal blood, respectively (Ueda et al., 1979) . According to this study, for blood values corresponding to the arterial compartment (P O 2 of 80 mmHg and pH 7.4), blood from sickle cell patients and healthy subjects would have similar oxygen saturation (98 and 99%, respectively; Ueda et al., 1979) . On the contrary, in the capillary bed (P O 2 of 40 mmHg and pH 7.3), blood oxygen saturation would be 72%
for healthy subjects, whereas it would be only 54% for SCD patients (Ueda et al., 1979 (Vitoux et al., 1989) .
One of the consequences of this larger potassium efflux from
RBCs is a reduced intracellular water content (Clark, Unger, & Shohet, 1978) . The reduction in the intracellular water content would be directly associated with an increase in HbS concentration, a welldescribed factor affecting the delay time and thus HbS polymerization (Hofrichter et al., 1974) . Moreover, given that the presence of water at the intra-erythrocyte level would solubilize the HbS polymer, altered regulation of its quantity could play an important role in the pathophysiology of SCD by diminishing the capacity of the RBCs to regain their normal structure in response to reoxygenation (Clark, Guatelli, Mohandas, & Shohet, 1980) . Accordingly, Goldberg, Husson, and Bunn (1977) reported that, throughout the physiological intracellular pH range of 7.2-7.3, the solubility of deoxy-HbS increased significantly when pH was increased.
Acidosis promotes red blood cell sickling
Given that HbS polymerization is the seminal cause of RBC sickling and that acidosis could favour HbS polymerization, acidosis might be considered as a factor accounting for RBC sickling. Accordingly, multiple in vitro studies have reported an increased sickling process associated with a decrease in pH (Greenberg & Kass, 1958; Greenberg et al., 1957; Lange et al., 1951) . Specifically, for a P O 2 of 60 mmHg, it has been shown that the relative amount of sickled RBCs increased markedly from 1% at pH 7.4 to >90% at pH 7.0 (Greenberg et al., 1957) .
More recently, the conformational change of RBCs associated with Hb polymerization has been investigated in fish (Merlangius Merlangus; Koldkjaer & Berenbrink, 2007) . Koldkjaer & Berenbrink (2007) showed that a decrease of 0.1 pH unit (from 7.4 to 7.3) resulted in a drastic change in the fraction of sickle RBCs (from 0 to 50%) and that a pH of 7.2 is associated with >80% of sickle RBCs. Although this model has been shown to be representative of the sickling phenomenon in SCD (Harosi, von Herbing, & Van Keuren, 1998) , it should be kept in mind that the fish studies were performed at a temperature well below human physiological temperatures, which could influence pH data and thus the sickling process.
Acidosis and vaso-occlusive crises
Given the risks and the pain associated with VOC, the direct link between acidosis and the occurrence of VOC is not easy to assess.
Nonetheless, in an in vivo study conducted in a single SCD patient, a metabolic acidosis was induced using ammonium chloride and acetazolamide (Greenberg & Kass, 1958) . The venous blood pH became acidotic, from 7.48 to 7.20, the relative amount of sickled RBCs increased, and a painful crisis occurred (Greenberg & Kass, 1958) .
Overall, this case study strongly supports that metabolic acidosis in vivo can trigger a VOC (Greenberg & Kass, 1958 ).
Blood rheology is clearly involved in the pathophysiology of SCD and especially in the occurrence of VOC (Connes et al., 2016) . Indeed, it has been shown that SCD patients with high blood viscosity at a steady state had more frequent hospital admissions for VOC (Lamarre et al., 2012; Nebor et al., 2011 ). It appears that a decrease in pH would increase blood viscosity (Reinhart, Gaudenz, & Walter, 2002) and, in the end, the risk of VOC, independently of the direct effects of acidosis on HbS polymerization and RBC sickling.
Likewise, oxidative stress is considered to be a triggering factor of SCD complications, such as VOC (Chirico & Pialoux, 2011; Nur et al., 2011) . Indeed, reactive oxygen species and the end products of their oxidative reactions would reduce nitric oxide bioavailability and increase endothelial activation, thereby promoting VOC (Chirico & Pialoux, 2011; Nur et al., 2011) . Interestingly, it has been shown in tumour cells and brain that acidosis may be associated with production of reactive oxygen species (Gupta, Singh, Pochampally, Watabe, & Mo, 2014; Riemann, Ihling, Schneider, Gekle, & Thews, 2013; Siesjö, 1985; Waterfall, Singh, Fry, & Marsden, 1996) , although other studies have proposed that acidosis may suppress formation of reactive oxygen species (e.g. Wu et al., 2017) . If the influence of acidosis on reactive oxygen species production were to be confirmed, the possible link between acidosis and VOC would be reinforced.
Vaso-occlusive crises induce hypoxia and even anoxia (Rees et al., 2010) , an increase in blood viscosity (Awodu et al., 2009 ), inflammation (Kaul & Hebbel, 2000) and oxidative stress (Chirico & Pialoux, 2011) , 
Hyperkalaemia in sickle cell disease
The plasma potassium concentration increases markedly during physical activity and is primarily dependent upon the intensity of exercise (Vøllestad, Hallén, & Sejersted, 1994) . At first sight, it would be elegant to attribute this to the increased efflux of potassium from RBCs related to acidosis; however, it has been shown that potassium concentration in RBCs increases during exercise because of the change in the potassium gradient between plasma and RBCs (McKelvie, Lindinger, Jones, & Heigenhauser, 1992) . In fact, the increase in plasma potassium concentration during physical activity has been attributed, among other factors, to leakage of potassium from exercising skeletal muscles (Juel, Bangsbo, Graham, & Saltin, 1990; Sjøgaard, Adams, & Saltin, 1985) . Interestingly, this process would be stimulated indirectly by extracellular acidosis (Aronson & Giebisch, 2011; Juel, 2008) .
In accordance, it has been shown that bicarbonate-induced wholebody alkalosis is associated with a reduction in the plasma potassium concentration (Sostaric et al., 2006) . This result is of interest given that hyperkalaemia has been proposed by Loosemore et al. (2012) as the final common pathway that could explain physical activityrelated sudden death in sickle cell trait carriers, the heterozygous form of SCD. As proposed by Loosemore et al. (2012) , the leakage of potassium from exercising skeletal muscles, partly attributable to acidosis, could trigger hyperkalaemia, an event that would be strongly associated with sudden death (Norring-Agerskov et al., 2017) . Hence, if acidosis were to be predominantly involved in the complications of the disease via its influence on the occurrence of VOC and the related organ dysfunction, it could also favour some complications linked to hyperkalaemia.
CAN EXERCISE-INDUCED ACIDOSIS BE CONSIDERED AS A TRIGGERING FACTOR OF HAEMOGLOBIN S POLYMERIZATION?
It is now largely and commonly accepted that muscular exercise is associated with a significant intramuscular acidosis, even in aerobic conditions (Bendahan, Chatel, & Jue, 2017; Brooks, 2018) .
A variety of cellular processes can be activated in order to handle proton accumulation and the potential adverse effects (Juel, 2008) .
Considering that during exercise, intramuscular acidosis is associated with a significant reduction in pH in both the venous and arterial compartments, one can consider that a large majority of the protons are extruded from myocytes into the blood compartment. Accordingly, several studies conducted in healthy subjects have illustrated that, in addition to the intramuscular acidosis, intense exercise is associated with a significant decrease in both venous and arterial blood pH as long as a large muscle mass is involved (Bangsbo et al., 1992 (Bangsbo et al., , 1993 Juel, 2008; Sahlin et al., 1978) . For instance, it has been reported that after maximal cycling exercise to exhaustion, muscle pH reached values ranging between 6.6 and 6.4, and arterialized capillary blood pH was <7.2 .
Interestingly, as we have previously mentioned, HbS polymerization and RBC sickling can be triggered by acidosis for pH values ranging between 7.4 and 7.2 (Greenberg et al., 1957; Koldkjaer & Berenbrink, 2007; Ueda et al., 1979) , values commonly reported in blood as a result of physical exercise. Furthermore, in SCD, the extent of H + accumulation would be even higher compared with healthy subjects.
A recent study conducted in a mouse model of SCD indicated a larger intramuscular H + production during exercise, even for lowto moderate-intensity exercise, whereas the amount of H + transporters was unchanged . This result suggests that blood acidosis might be greater in SCD mice .
Accordingly, higher blood lactate concentrations have been reported in SCD patients after moderate exercise compared with healthy subjects (Miller, Serjeant, Sivapragasam, & Petch, 1973; Moheeb, Wali, & El-Sayed, 2007) , suggesting that RBC sickling might occur for low exercise intensities in SCD patients. Consequently, particular attention should be given to acid-base balance during exercise in this population.
HANDLING OF BLOOD ACIDOSIS AND REDUCTION OF RISK OF VASO-OCCLUSIVE CRISES
Administration of alkalinizing solution
As mentioned in section 3, acidosis is strongly involved in SCD complications and, in particular, in HbS polymerization and the subsequent VOC. Currently, the inhibition of HbS polymerization is considered as a major therapeutic target for the treatment of SCD (Eaton & Bunn, 2017) . In the context of exercise, the handling of blood acid-base balance could be an interesting approach.
A common way of diminishing acidosis is to improve the H + buffering capacity. Accordingly, a single administration of alkali to SCD patients during a spontaneous VOC has been shown to reduce the proportion of sickled RBC and pain (Greenberg & Kass, 1958) . Indeed, the ingestion of bicarbonate has been linked to an increase in pH in the venous blood from 7.34 to 7.52 and a reduction of sickled RBCs from 31 to 5% (Greenberg & Kass, 1958) . In a study combining alkali and analgesics in SCD patients during a painful episode, pain reduction was faster when using a combination of alkalinizing solution and codeine compared with codeine alone (Barreras & Diggs, 1971) . Moreover, the reduction of plasma potassium concentration associated with bicarbonate supplementation described in healthy subjects (Sostaric et al., 2006) could be of great interest if we consider the complications linked to hyperkalaemia in SCD and sickle cell trait.
In addition, a promising therapeutic intervention targeting the HbS polymerization consists of the reduction of the 2,3-diphosphoglycerate concentration, which is associated with, among other deleterious effects, a reduction in solubility because of an accompanying decrease in the intracellular pH (Eaton & Bunn, 2017) . Combined with other beneficial effects, reduction of RBC 2,3-diphosphoglycerate would increase intracellular pH and thus the delay time and would postpone HbS polymerization and RBC sickling (Eaton & Bunn, 2017) .
In the context of physical activity, and particularly during exercise leading to a substantial blood acidosis, the ingestion of alkali could represent an interesting way to prevent any complications. Further studies should focus on this topic in order to provide better supervision of the practice of sports in adults and children with SCD. 
Chronic physical activity intervention
Although physical activity has long been discouraged for SCD patients, several studies have suggested that endurance training could be safe and even have beneficial effects on well-being and health (Alcorn, Bowser, Henley, & Holloway, 1984; Camcioglu, Boşnak-Güçlü, Karadallı, Akı, & Türköz-Sucak, 2015; Liem et al., 2017; Martin et al., 2018; Tinti, Somera, Valente, & Domingos, 2010; Zanoni, Galvao, Cliquet Junior, & Saad, 2015) . Alcorn et al. (1984) observed that, after a VOC, regular physical activity was associated with a shorter duration of hospitalization. Based on studies conducted in SCD mice, this beneficial effect of endurance training could be explained by improvements in several vascular, haemorheological, inflammatory, endothelial activation and oxidative stress parameters (Aufradet et al., 2014; Charrin et al., 2015; Faes, Charrin, Connes, Pialoux, & Martin, 2015; Martin et al., 2018) . In a recent study conducted in SCD mice, Charrin et al. (2017) observed that endurance training increased the fraction of venous oxygen-saturated Hb at rest and proposed that such an improvement could prevent HbS polymerization and RBC sickling, Charrin et al. (2017) also discussed the potential beneficial effects associated with a reduction in blood acidosis related to acute exercise. So far, no study has investigated the impacts of endurance training on blood pH in the context of SCD, although regular physical activity is commonly acknowledged to reduce blood acidosis in various conditions, such as chronic obstructive pulmonary disease (Casaburi, 2006) . Likewise, we have recently shown in the Townes model of SCD that 7 weeks of endurance training would reduce exercise-induced intramuscular acidosis (Chatel et al., 2018) . It was suggested that an improvement in oxygen-related mechanisms induced by regular physical activity would lower the contribution of glycolysis and thereby intramuscular acidosis (Chatel et al., 2018) . It was concluded in that study that endurance training would be of great interest given the potential involvement of the muscle abnormalities in the pathophysiology of the disease, as documented by the reduction in the weight of the spleen in trained SCD mice (Charrin et al., 2017 , Chatel et al., 2018 . Further studies are warranted in order to confirm the potential effects of regular physical activity on the regulation of blood acid-base balance in SCD, which could be linked to a significant improvement in the pathophysiology of the disease during and after exercise but also during activities of daily living.
CONCLUSION
Blood acidosis appears clearly to be a risk factor for HbS polymerization, RBC sickling and the occurrence of VOC and could induce hyperkalaemia-related complications (Figure 1 ). Physical activity, even purely aerobic, is associated with a decrease in pH that could increase the proportion of sickle RBCs to a great extent. Consequently, monitoring of blood pH during exercise should be a major concern in the context of SCD. Although the assessment of blood pH during exercise is fairly difficult, it could be tightly, although indirectly, controlled by measuring the blood concentration of lactate, which is very closely correlated with pH .
Furthermore, it could be of great interest to try to avoid blood acidosis during exercise, which could be done using some alkalinizing solutions or adapted endurance training interventions (Figure 1 ). Further studies investigating the effects of these strategies are warranted in order to confirm these potential beneficial effects.
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